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PREFACE

The effect of small amounts of impurities of hydrogen, oxygen
and nitrogen on the properties of metals and alloys was first dis-
covered in the last century.

The first investigations on the hydrogen—iron system were
carried out by Cailletet in 1864 and in the hydrogen—palladium
system by Graham in 1866.

In 1882 Ledebur proposed the hydrogen method for determining
oxygen in metals, which can also be adapted to determine hydrogen.
The chemical method for determining nitrogen in metals, which has
lost none of its importance, was proposed by Boussingault in 1850
and developed by Kjeldahl in 1883,

The analysis of gases in metals received its most intensive
development in the 1920's from the work of Oberhoffer and also
Jordan and Eckman; the result of this work is the vacuum-fusion
method.

In the 1930's the Soviet investigators N, P. Chizhevskii and
Yu. A. Klyachko carried out fundamental studies on the behavior of
gases in steel and aluminum. It was at this time that methods for
analyzing gases in metals were introduced in the scientific research
institutes and certain plants. Thefirst work in this field was closely
tied up withinvestigations into, and the selection of, the best methods
for extracting and processing metals,

In the postwar period, in connection with the development of new
alloys and the preparation of pure metals, the analysis of gases in
metals was widely developed.

In addition to modifications to existing methods, entirely new
methods of analysis were developed and the apparatus was improved.
Papers appeared dealing with the theoretical fundamentals in the
analysis of gases in metals, Whereas once they were of interest
only to highly specialized research workers, these methods of
analysis were now used on a regular basis in plants and scientific
research institutes.

The appearance in 1953 of the well-known book by Yu. A. Klya-
chko, A.G. Atlasov, and M. M. Shapiro "The Analysis of Gases and
Inclusions in Steel" was an important stage in the development of
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viii PREFACE

the field of analysis dealt withhere. This book combined the results
of Soviet and non-Soviet work, gave a number of definite recom-
mendations for a wide circle of workers, and underlined the clear
possibilities for further development in the analysis of gases in
steel, ferroalloys, and certain pure metals.

Sloman (Britain), Mallett (USA), and other Sovietandnon-Soviet
workers have made important contributions to the development of
the vacuum-fusion method. At the present time, this is the method
used to analyze gases in practically all metals.

Only in recent years have modifications been proposed for the
vacuum-fusion method in a graphite powder, ina platinum bath, and
also fusion in a quartz crucible withtinto determine hydrogen, etc.

The conditions for the extraction of oxygen inthe vacuum-fusion
method were studied in relation to the form in which the oxygen was
present (Yu. A. Klyachko, et al., N. F. Leve, B. A, Shmelev, Sloman,
Harvey, and Kubaschewski), to the working of a blank bath, and the
action of adsorption-active sublimates (Yu. A. Klyachko, et al., V., A.
Zhabin, and Smith), and to a number of other factors. Fundamental
work on the use of the vacuum-fusion method in the analysis of
pure metals was carried out in the V.I. Vernadskii Institute of
Geochemistry and Analytical Chemistry (GEOKhI).

Important advances have also been made in the design of ap-
paratus for the vacuum-fusion method of analysis in the Institute
of Metallurgy of the Academy of Sciences of the USSR (IMET),
the Central Scientific Research Institute for Ferrous Metallurgy
(TsNIIChM), and in the Institute for Geochemistry and Analytical
Chemistry (GEOKAhI),

Important advances have been made not only in the vacuum-
fusion method but also in the use of physical methods for analyzing
gases in metals. In this connection, improvements have been made
in the use of spectral analysis. In fact, some of the proposed meth-
ods only involve the spectral analysis of the extracted gas mixture.
Of considerable interest is the work on the spectral analysis of
gases in metals by discharge inahollow cathode (Rosen). Important
investigations on the development of this method for determining
oxygen and nitrogen in steel were carriedoutby S. A. Mandel'shtam
and O.B. Fal'kova; N.S. Sventitskii, et al. have made important
contributions to the spectral determination of hydrogen in metals.
Important advances have been made in the methods for determining
gases in metals using stable isotopes followed by mass-spectro-
metric (Kirshenbaum) and spectral (A.N. Zaidel') determinations.



PREFACE ix

The sulfur (A.K. Babko) and bromine-carbon (Codell and Nor-
witz) methods for determining oxygen are very promising.

The extensive introduction of new methods of analysis for all
metals, the appearance in the literature of papers with varying
degrees of importance, and the accumulation of much operating
experience have given rise to the need for a special book on the
analysis of gases in metals.

This book deals with the theory of analysis and gives a descrip-
tion of the apparatus and methods as well as their application to
the analysis of metals in all groups of the periodic system.

Chapter X on the analysis of nitrogen in metals by chemical
methods was written by the late B. A. Generozov. This chapter has
been included because these methods are fairly accurate for the
determination of nitrogen. On the other hand, the vacuum-fusion
method, which gives reliable results in the determination of hydro-
gen and oxygen, is sometimes unsuitable for the determination of
nitrogen in metals.
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PART ONE

THEORETICAL PRINCIPLES IN THE DETERMINATION
OF GASES IN METALS






INTRODUCTION

Even the most "pure" metals contain small amounts of hydrogen,
oxygen, and nitrogen. Regardless of the form in which they occur,
these impurities are referred to as "gases in metals." Since these
elements have an important effect on the physical and mechanical
properties of metals their determination has received extensive
development.

Due to the specific properties and quantities of the elements
to be analyzed, the analysis of gases in metals has its special
features. A metal always contains dissolved gases. These gases,
however, are present not only in the form of a solution but also as
disperse phases and in the adsorbed state.

Some idea of the presence of dissolved gases in various metals
can be obtained from the data of Smithells [1], given in Table 1.

In the simplest case, when the hydrogen, oxygen, or nitrogen
forms a true atomic solution in the metals, the partial pressure
of the diatomic gas over the solution is proportional to the square
of the concentration.

The analysis of gases in metals usually involves liberating the
element either into the gaseous phase or inthe form of a compound
in the solid state. Gases are evolved from a metal by displacing
the equilibrium so that they are removed from solution and the
hydrides, oxides, and nitrides are dissociated.

For analytical purposes it is very important not only that the
gases be completely evolved but that they suffer no losses in the
apparatus. These losses can take place due toreaction of the gases
with the material of the apparatus and with substances formed
during the analysis. Highlosses usually occur as a result of adsorp-
tion of gases on sublimates formed by the evaporation of metals
at the high temperatures needed for rapid and complete extraction
of the gases. Furthermore, experimental errors can be caused by
the gas collector of the apparatus, by the incorrect choice of a
method for separating the gas mixture, and by several other factors.
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4 INTRODUCTION

In the removal of oxygen and nitrogen in the form of oxides and
nitrides, difficulties are encountered in the selection of conditions
for separating them from the metal without changing the amount of
the element being analyzed.

Each method of analysis should provide the sensitivity and
accuracy needed to evaluate the quality of the metal. For this rea-
son, the development of methods for analyzing gases in metals is
based on the laws of reaction between gases and metals and the
degree of influence of gases on the properties of metals.

Table 1. The Solubility of Hydrogen, Nitrogen, and Oxygenin Metals

Solubility
Metals and
Group | metalloids H, N, 0,
Ia Li,Na, K, | Form ionic hydrides, - R O, probably
Rb,Cs probably s i/s
Cu s i/s Cu,0, s
Ib { Ag s i/s Ag, O, s
Au i/s i/s i/s
a Be Probably s/s - -
Mg s - -
Ca, Sr, Ba |Form ionic hydrides RH,, —_ RO, probably s
probably s
IIb Zn, Cd Probably s/s i/s -
Hg / i/s i/s i/s
Sc,Y, Lan- | h/s - RH - -
Illa thanides 3
B Forms covalent hydrides - -
RH ,, probably i/s
b <4 3 5 i/s? i/s
Ga, In, Tl i/s — -
IVa Ti’i“th. Hf, | h/s — RH, or RH;, h/s - RN or R;N, h/s
Si Forms covalent hydrides - -
SiH4, probably i/s
IVb Ge Forms covalent hydrides - -
GeH,, probably i/s
Sn, Pb s/s i/s SnO, PbO, s/s
Va V, Nb, Ta | h/s -.RH h/s - RN s/s
Vb P, As, Sb, | Forms covalent hydrides - -
Bi RH,4
3
Vi { Cr, Mo, W s/s RN, probably s/s -
8] Forms the hydride UH, s -
Vila Mn s Mn;N,, s -
Fe, Co, Ni s Soluble in Fe and Co RO, s
Villa{ |Ru, Rh, Pd s i/s -
Os, Ir, Pt | Soluble in Pt i/s i/s

Note: s-soluble; s/s-slightly soluble; h/s-highly soluble; i/s-insoluble,



CHAPTER I

THE HYDROGEN—-METAL SYSTEM

1. The Thermal Stability of Hydrogen—Metal Systems

The liberation of hydrogen from metals in a vacuum usually
presents no problems. At temperatures above 1000° all hydrides
dissociate, and if the metal is in the molten state the most firmly
bound part of the hydrogen is removed as well as the mobile part.

At the high temperatures reached in an electric arc or an elec-
tric discharge, molecular hydrogen dissociates into atoms. The
energy of dissociation of molecular hydrogenis 103.4 kcal per mole
of H,. An additional 312 kcal of energy per mole of H (13.53 ev per
atom) is needed to ionize an atom of hydrogen. These facts are of
interest for two reasons. In the first place, they indicate that hy-
drogen in metals is unlikely to exist only in the form of protons
as stated by some workers [2], and in the second place, these facts
should be borne in mind when selecting the light source for spec-
trographic analysis.

According to theclassification proposed by Hurd [3] the elements
of the first and second groups of the periodic system (Li, Na, K,
Rb, Cs, Ca, Sr, Ba) form ionic hydrides which, in many respects,
are analogs of the halides of these elements. The radius of the
negative hydrogen ion in hydrides is much larger than the covalent
radius of hydrogen. It can be assumed approximately that the ther-
mal stability of compounds of elements with hydrogen, except for
the hydrides of the transition metals, increases with increasing
electronegativity of the elements. The hydrides of the transition
metals are characterized by a reduction in the thermal stability
with increase in the number of the group in the periodic system.
The only stable compounds are those of hydrogen with the elements
of groups III, IV, and V (Sc, Y, lanthanides, actinides, Ti, Zr, Hf,
V, Nb, Ta). These elements have increased capacity for absorption
of hydrogen, whereas the metals of group VIII, apart from palladium,
are much less able to absorb hydrogen. In some cases the hydrogen
compounds of the heavy elements are less stable than the hydrides
of the light elements. The thermal effect of the reaction of tran-
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6 CHAPTER1

sition metals with hydrogen consequently decreases in the periodic
system from left to right (except chromium). The heats of forma-
tion of the hydrides of the transition metals of groups III and IV are
of the same order as for the ionic hydrides.

The transition metals of groups VI, VII, and VIII form endo-
thermic solutions with hydrogen.

Elements of the copper subgroup (Cu, Ag, Au), zinc subgroup
(Zn, Cd, Hg), and also In and Tl form unstable intermediate hy-
drides. B, Al, Ga, and the elements of the carbon, nitrogen, oxygen,
and halogen groups form covalent hydrides—volatile gases, and
only in a few cases solids. The covalenthydrides are characterized
by an increase in the thermal stability in a number of elements of
the periodic system from left to right; for example, in the series
Al, P, S, Cl the thermal stability increases. In the same group with
increase in the atomic number the thermal stability of the covalent
hydrides falls. In the group C, Si, Ge, Sn, Pb lead hydride is un-
stable even at room temperature.

The dissociation pressure of the hydrides is calculated from
the standard free energy AZ° of the reaction2Me, H=2zMe - (H,) gas»
according to the equation

—AZ° *
lng? mm Hg — 26—7577-{—2.881. (I-1)

Table 2 gives data on the temperature dependence of the dis-
sociation pressure of certain hydrides.

In many metals most of the evolved hydrogen is taken from
solution. In exothermic solutions, with increase in the temperature
the solubility of the hydrogen decreases, and therefore heat alone
liberates the hydrogen, as is immediately apparent from Table 3.
In endothermic solutions, with increase in the temperature the
solubility of hydrogen increases, the regularity being expressed
by the following equation:

lgs§_ A
where g T T (-2

§ is the solubility of hydrogen in cubic centimeters per 100 g;
P is the pressure in millimeters of mercury;
T is the temperature in degrees Kelvin.
It is obvious that the direct extraction of hydrogen in this case
is only possible at low pressures, as is shown by calculations using

the data of Table 4. For the rapid extraction of hydrogen from an
*lg = log9; =AZ° = —/AG®; the Gibbs standard free energy.




THE HYDROGEN—METAL SYSTEM

Table 2. The Thermal Stability of Some Hydrides

No. Formula Conditions of thermal dissociation* Remarks
1 LiH 1 9337 11.131 At a temperature of 500°
gPy, =~ + Py, =0.07 mm Hg;
at 680° it is 27 mm Hg;
at 850° it is 760 mm Hg
2 NaH Igpy = 5700+2 51g T'4-3.956 Decomposes before melt-
* ing; Py, at 425° equal
to 1 atm
3 KH Igpy,= 850+2 61gT +3.995 At high temperatures the
: dissociation pressures
of the hydride KH and
the deuteride KD differ
considerably
4 RbH 1g py. = 45"3 5 +9.20 PH, at 320° is equal to
* 33.8 mm Hg
S CsH Ig py,=— 84755 -+ 17.50 Partially dissociates in
: T ultraviolet light (} =
= 2500 to 3000 A)
6 CaH, 1g Py, =— LSZ -+ 9.07 In the presence of free
: metal the dissociation
pressure decreases, for
85% CaH, lgp=
. 10870
7 SrH, Dissociation pressure somewhat higher - + 11.493
than for calcium hydride Py, depends on the con-
tent of free metal
8 BaH, — The dissociation pres-
sure depends on the
content of free metal
9 BeH, - Decomposes at 125°
10 MgH , - Start of decomposition
280-300°
b 1) § Hydrides| Not encountered in monomer form
B, Al, Ga| Diborane B, Hg decomposes at 300°%
aluminum hydride decomposes to the
elements at temperatures over 100°%
digallane Ga, H, begins to decompose
at 130°
12 Hydrides| Methane CH,4 exists in equilibrium with
C,Si,Ge,| with carbon and hydrogen at 1000°%
Sn, Pb monosilane begins to decompose at
400° and is fully decomposed at 600°%
lead hydride is unstable even at room
temperature
13 AsH, Decomposes when passed through a tube
heated to 300°
14 SbH, | Decomposes rapidly at 200°



